We present experimental and theoretical results for the angular and temperature dependence of magnetic circular dichroism in Gd 4d core-level photoelectron emission from a Gd͑0001͒ surface in both normal and off-normal directions and with azimuthal variation. Two theoretical approaches are used to model this data: a single electron theory with full multiple scattering of the outgoing photoelectron and a full-relativistic manyelectron theory with single scattering only. Thermal effects due to atomic vibrations and the excitation of initial-state multiplets are also included. For normal emission, we find smooth free-atom-like angular variations in emission intensity, while for off-normal emission, deviations from a purely atomic model due to photoelectron diffraction effects are seen that are well predicted by photoelectron diffraction theory. We also compare dichroism measurements using two different approaches ͑fixed magnetization with variable light helicity and fixed light helicity with rotated sample magnetization͒ and find significant differences between them that are also well predicted by theory. The angular dependence of magnetic circular dichroism for a specific set of Gd 4d multiplet states has also been measured with high electron energy resolution ͑р100 meV͒, permitting a state-specific decomposition of the dichroism. Such state-resolved dichroism is found to be very well described by our many-electron approach. Finally, we present temperature-dependent magnetic circular dichroism ͑MCD͒ data for 4d emission that should permit the study of near-surface magnetic phase transitions, and discuss the relationship of such MCD measurements to magnetization. Some future prospects and applications of such core-photoemission dichroism measurements are discussed.
I. INTRODUCTION
Magnetic dichroism in core-level photoelectron emission from solids represents an element-specific probe of surface and interface atomic structure and magnetic order that is now finding wider use. [1] [2] [3] It is especially attractive because it does not involve time-consuming spin-polarization analysis, as compared to some other photoemission techniques used to study magnetism. 4 This feature is shared with x-ray magnetic circular dichroism ͑XMCD͒ in absorption spectroscopy, a somewhat more bulk sensitive technique which is used to determine magnetic moments by employing various sum rules. 5, 6 In its most precise form, magnetic circular dichroism in angular distributions ͑MCDAD͒ measures such effects by using photoelectrons excited with circularly polarized radiation, and noting that photoemission intensity with rightcircularly polarized ͑RCP͒ light is different from that with left-circularly polarized ͑LCP͒ light. 1 The earliest experiments in magnetic circular dichroism ͑MCD͒ using photoemission were conducted by Lubell and Raith 7 on oriented Cs atoms; these provided experimental verification of Fano's proposal of induced spin polarization if circularly polarized light is used for excitation. 8 From the atomic point of view, any atom with an unfilled shell, in particular with unpaired electrons, is magnetic. If Cs atoms are state selected ͑e.g., 2 S 1/2 , M J ϭϪ 1 2 ͒ by a Stern-Gerlach field and the orientation is preserved in a homogeneous magnetic field, one will measure a difference in the emitted intensity if switching either the direction of the magnetic field or the helicity of the photons, even if the spin of the electrons is not measured. We review this classic result to point out that magnetic dichroism in photoemission is at first sight an atomic phenomenon and note that atomic theoretical models have been used successfully to explain many aspects of MCD data. [9] [10] [11] [12] [13] Such models will not, however, predict the correct intensities or the resulting dichroism or temperature dependence of measurements taken from ferromagnetic solid samples unless the basic elements of the solid state are included. This includes, for example, the scattering of the photoelectron in leaving the sample, resulting in photoelec-tron diffraction ͑PD͒, an effect that we explicitly consider in the present study.
It should also be mentioned that there exists a circular dichroism in the angular distribution of photoelectrons ͑CDAD͒, even for nonmagnetic or nonmagnetized samples. 14 -19 These effects are always linked to photoelectron diffraction, they prevail in the data presented here, and they should be taken into account for a fully quantitative analysis. 15, 16 It was recently shown 31 that the nonmagnetic part of CDAD influences both the magnetic dichroism and the spin polarization of photoelectrons. In particular it was shown that CDAD is a more general phenomenon being independent of the electron spin or the sample magnetization. The calculations reported in the present work will include such effects. It should be noted that magnetic dichroism may also be measured in photoemission using linearly polarized radiation ͑MLDAD͒, 20 as well as unpolarized radiation from laboratory sources ͑UMDAD, also referred to as MUDAD in some papers͒. [21] [22] [23] The spin-integrated photoelectron intensity in a certain emission direction also in general depends on the direction of the magnetization in a magnetic material. In fact, if the magnetization lies in a mirror plane perpendicular to the surface, then inverting its direction can provide a second way of measuring MCD. This difference may be indicated by calling this type of experiment circular magnetic dichroism in angular distribution ͑CMDAD͒, following suggestions by Venus 24 and Fecher et al. 25 As has been shown in previous publications, 26 there are certain angular dependencies associated with MCD in photoemission which come from the interplay of the different vectors involved ͑namely the magnetization direction, the polarization of the incoming light, and the electron wave vector͒ and from interference effects between different photoemission channels allowed by dipole selection rules. Such angular-dependent effects have, for example, been measured in magnetic circular or linear dichroism in angular distribution ͑MCDAD or MLDAD͒. 27, 28 Photoemission electron microscopy ͑PEEM͒ techniques have also used this angular variation as a contrast mechanism. 29 Beyond this, it is well known that by varying the emission direction of the photoelectrons one may also probe the geometric structure of the sample. Consequently, dichroism data have to be interpreted also in terms of photoelectron diffraction, 30 so as to allow for final-state scattering of the photoelectrons in leaving the sample surface. Such diffraction effects have been shown to be important in understanding CDAD, 16 -18,31 MLDAD, 28 MCDAD, 32 or UMDAD ͑Refs. 23 and 33͒ measurements.
In this work, we present experimental data and theoretical calculations for magnetic and circular dichroism in 4d corelevel photoemission from Gd͑0001͒. Although very strong dichroism in both 4d and 4 f core-level spectra has been observed before for this system, 2 leading to considerable interest in it for magnetic studies, 34, 35 its angular dependence has not been studied in detail previously, particularly in comparison to different levels of theoretical description. Furthermore, we have been able to resolve the dichroism according to the individual 4d-hole atomiclike multiplets involved, and also to study the temperature dependence of such MCDAD, with the latter providing a useful tool for studying magnetic transition temperatures in the future. Such temperaturedependent measurements are especially interesting for Gd, since there are several reports of an enhanced transition temperature for the surface, [36] [37] [38] [39] [40] [41] and a recent theoretical discussion of its possible origin in interlayer relaxation, 42 but still some controversy over its cause. Since photoelectron spectroscopy can be tuned to be more or less surface sensitive by choosing the correct energy, core-level MCDAD thus offers a powerful way to study such effects. One should, however, also keep in mind that the dichroism itself may strongly depend on the photoelectron energy, as has been shown ͑e.g., for MLDAD͒ for thin Gd layers on Fe. 43 These results should thus provide a firmer foundation for the analysis and use of such dichroism in photoemission for the study of magnetic systems.
II. EXPERIMENT
The experiments have been performed on bend-magnet beamline 9.3.2 at the Advanced Light Source ͑ALS͒ in Berkeley, CA, 44 using the advanced photoelectron spectrometer/ diffractometer ͑APSD͒ end station. 45 Photoelectron spectra were measured with a Scienta SES-200 electron analyzer, with an overall photon-plus-analyzer energy resolution of about 0.1 eV and angular resolution of about Ϯ5°. A special feature of this end station is the ability to rotate the analyzer relative to the incoming photon beam and independently of the sample. This enabled a change of the electron emission angle without changing the light incidence angle on the sample. All spectra shown have been taken at a photon energy of about 440 eV, yielding Gd 4d photoelectron energies of 298 eV for the dominating 9 D 6 line of the multiplet, similar to previous measurements. 12 This energy is sufficiently high to assure that the photoemission process is taking place in the sudden limit, as assumed in our subsequent manyelectron theoretical treatment. The helicity of the photons may be chosen at this beamline by moving an aperture above or below the plane of the storage ring, with the degree of circular polarization being about 80-85%. 44 In the experiments presented here, we have largely used RCP light and have obtained the CMDAD signal by inverting the magnetization direction; however, in some measurements we also used a fixed magnetization direction and measured the MCDAD by switching the light helicity. For certain geometries, both experiment and theory show significant differences between these two procedures, as discussed further below.
The samples used were thin films of Gd evaporated at room temperature onto a clean W ͑110͒ substrate, with the pressure being about 3ϫ10 Ϫ10 mbar during evaporation. The thickness of the Gd films in monolayers ͑ML's͒ was chosen to be 100 ML's ͑287Å͒ in order to ensure in-plane magnetization, [46] [47] [48] [49] and final annealing at 700 K to ensure monatomically flat surfaces. 41, 50 The cleanliness and crystalline order of the substrate and the final films were checked before and after MCD measurements by x-ray photoelectron spectroscopy ͑XPS͒ and low-energy electron diffraction ͑LEED͒. The Gd films have been studied with remanent in-plane magnetization, as induced by an in situ magnetic field of about 200 G applied along a high-symmetry direction of the ͓101 0͔ type containing a mirror plane of the crystal. Unless temperature was specifically a variable, the samples were kept at about 250 K throughout the measurements, well below the transition temperature for films with this thickness (T c ϭ292 K). 51 During photoemission measurements, the light impinged on the sample with an angle of incidence of ␣ϭ70°, that is 20°relative to the surface plane. The experimental geometry is shown in Fig. 1 ; the photon incidence direction q, the surface normal n, and the photoelectron wave vector k all lie in a plane. The photoelectrons were collected either in normal emission or off-normal emission at a polar angle of ⌰ ϭ20°with respect to the surface normal, simply by moving the electron analyzer. The sample was rotated stepwise about its surface normal so as to vary the azimuthal emission angle with respect to the crystal. Dichroism measurements via inversion of the magnetization were done simply by rotating the sample by 180°around the surface normal. The azimuthal angle varied in the angle-dependent spectra shown below (⌽ M ) is thus also the angle between the magnetization directions and the plane of incidence containing q, n, and k. Typical measured spectra and the CMDAD result derived from them, are shown in Figs. 2͑a͒ and ͑b͒, with more detailed discussion below. Further experimental details can be found elsewhere.
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III. CALCULATIONAL DETAILS
We have here used two different theoretical approaches to simulate the magnetic dichroism associated with Gd 4d emission: a nonrelativistic single electron model and a fullrelativistic many-electron model. As an initial comment on the difference between these two approaches, it may be noted that the number of input parameters increases tremendously in the full-relativistic calculations. In the nonrelativistic case, we need for the 4d emission only two complex matrix elements for final p and f channels and l max ϩ1ϭ7 scattering phases if we allow, for example, l max ϭ6 as a maximum of the orbital momentum of the partial waves for the scattering. At the same time we need in the relativistic full potential case up to 30 complex single-particle matrix elements and 2(l max ϩ1) 2 ϭ98 scattering phases to account for the total angular momentum j and the lifting of the m j degeneracy. This results under the same conditions in about 16 times more parameters that have to be calculated self-consistently. In addition, this estimation does not include the different kinetic energies of the particular lines of the multiplet.
Both types of calculations use a three-step scheme, which has already been used to describe core-level photoemission very well. The first model, which has briefly been discussed before, 52 treats spin-orbit splitting and exchange splitting in the initial state as perturbation and uses multiple-scattering cluster diffraction calculations to describe the final-state outgoing electron; however, since it is a single electron theory, a distinct multiplet description is not used. By contrast, calculations are also presented treating the multiplet nature in a FIG. 1. The general experimental geometry as described in the text.
FIG. 2.
Magnetic dichroism in Gd 4d emission. ͑a͒ Gd 4d corelevel photoemission spectra taken at a photon energy of about 440 eV with normal emission and using right circular polarized light. The solid-line spectrum ͑filled circles͒ was taken with the sample magnetization maximally parallel to the azimuth of the light incidence direction (⌽ M ϭ0), and the dotted-line spectrum ͑open circles͒ with a maximally antiparallel arrangement (⌽ M ϭ180°). ͑b͒ The curve plus data points represent the normalized difference or CMDAD asymmetry of the data in ͑a͒ ͑for details see text͒. ͑c͒ Result of a theoretical atomic calculation including multiplet splitting, according to the theory described in Sec. III B, which shows excellent detailed agreement with the curve in ͑b͒.
relativistic many-electron way, and, moreover, dealing with full potential relativistic scattering, but in a simpler singlescattering picture of the outgoing electron. The two approaches discussed here thus complement the recent work on MCD in 3p photoemission from Fe and Ni by Henk et al., 53 which uses a single electron approach but with fullrelativistic multiple scattering. We will next introduce both calculation schemes and compare their results and complementary conclusions.
A. Single electron, multiple-scattering cluster calculations
In this section we will discuss multiple-scattering cluster calculations including spin-orbit and exchange splitting in the initial state. 54 -56 The diffraction effects were calculated using the Rehr-Albers separable representation of the scattering matrix. 57 The MCD was calculated using the single electron approach discussed by Menchero for an lϭ1 core level, 13 but generalized here to include emission from an l ϭ2 core level. We have not in this approach considered the detailed multiplet splitting, spin and orbital angular momentum couplings, and configuration interaction effects that have, for example, been included in previous modeling of Gd 4d MCDAD data at a fixed emission direction, 12 which we will term purely atomic. Rather, we have approximated in a first step all of these effects through a simple spin-orbit splitting of the 4d 3/2 and 4d 5/2 levels and an effective exchange field splitting of the four m j sublevels in 3 2 and the six sublevels in 5 2 , as obtained previously from similar analyses of 2 p spectra of 3d metals. 1, 13, 58 Therefore, although the single electron approach considered here is not intended to reproduce the complicated multiplet structure of the individual photoelectron energy distribution curves contributing to MCDAD, we do expect that it should provide a simple description of the overall ensemble of states and the angular variation of its intensity and dichroism, explaining most features induced by photoelectron scattering. By thus treating the core level as having two spin-orbit split parts, each of which is split by the exchange interaction into (2 jϩ1) states, the intensity for any of the resulting ten jm j states and for any photon polarization may thus be determined. Note that since we do not intend to actually predict spectral intensities as a function of energy, we do not in fact have to specify the spin orbit or exchange splitting quantitatively. It should be emphasized, however, that we have in this approach included both the p and f final-states channels allowed in d emission and that we have explicitly included the interference between these channels. In fact, it is found that this so-called cross-channel interference accounts for most of the angular variations seen in the atomic theoretical models of all types of magnetic dichroism. 10, 13, 23, 58, 59 Following the scheme as used by Menchero, 13 we finally obtain the overall CMDAD magnitude from
with the sum in the numerator being only over jm j states with m j Ͼ0. This procedure is therefore very similar to the analysis of the experimental data.
To simulate the Gd͑0001͒ surface, we used a cluster with four layers of atoms, and an emitter placed in each of the layers. Each cluster consists of 182 atoms and has threefold rotational symmetry about the surface normal; however, to account for the steps that are present in any macroscopic sample and the two domain types thus resulting, we have used two cluster types, with ABAB and BABA stacking. When intensities are averaged over both cluster types, the system acquires the sixfold rotational symmetry that is observed experimentally. Multiple scattering was allowed up to seventh order.
The kinetic energy of the photoelectrons in the crystal was taken to be 295 eV; i.e., close to the average measured kinetic energy for the Gd 7,9 D multiplet. An inner potential of 10 eV was used, so that the electron kinetic energy inside the surface was increased by this amount in the calculations, and refraction effects at the surface were included. The photoelectron inelastic scattering was included via an attenuation length of 8 Å as determined from the so-called universal curve for elements due to Seah and Dench, 60, 61 and checked against the value calculated from the ''TPP-2M'' formula of Tanuma, Powell, and Penn. 62 The light was right-elliptically polarized ͑p like͒ with Stoke's parameters s 1 ϭ0.45, s 2 ϭ0.0, and s 3 ϭ0.89. The angular broadening was chosen to be Ϯ5°to simulate the resolution of the electron analyzer.
The scattering phase shifts were determined using muffintin potentials. 41 In our calculations we used the paramagnetic, nonrelativistic phase shifts; i.e., we have neither allowed for exchange nor for spin-dependent scattering. When test cases were run with pseudoferromagnetic phase shifts using different scattering potentials for spin-up and spindown electrons but neglecting spin-orbit interaction, the intensities, and asymmetries changed by only in the order of about 1%. Such differences may be safely neglected when compared to the calculated asymmetries, which are of the order of 50%. The individual channel matrix elements (R f ) and phase shifts (␦ f ) for the two final-state channels were determined using the Manson program as described by Goldberg, Fadley, and Kono, 63 noted that the relative energy spread of the 9 D part of the multiplet is less than 1.5% in the measurements. We checked by calculations using a ''wrong'' kinetic energy ͑reversed level ordering͒ that a maximum difference in the asymmetries of about 2% may occur at a 60% level ͑depending on the type of dichroism, angles, etc.͒, which is less than the estimated experimental error. The explanation is that none of the radial integrals or phases changes more than 1% within the energy range of the 9 D part of the multiplet.
B. Many-electron, full-relativistic single scattering cluster calculation
As a starting point for the second set of calculations we use the multiplet theory of Cowan. 64 That is, we calculated the energy spectra using intermediate coupling ͑LSJ or JJ͒ by treating both spin-orbit and exchange splitting as perturbations. We use in the following always the easier to handle and more common D J ͑or their JJ coupled pendants͒ for the core hole before coupling the free electron to the created ion. The latter coupling results in the overall state of second parity. The restrictions to the 8 S ground state are also chosen to ensure that the restrictions of the sudden approximation are justified. Because we would like to perform relativistic calculations for the angular distributions, we did not fit the spin-orbit or atomic exchange parameters to the experiment but used instead the calculated values as given in Ref. 64 . These values are found to lead to a good agreement between the measured and calculated spectra with respect to the splitting of the states and their intensity ͓see Fig. 2͑c͒ and later discussion of it͔; and it should be noted that by starting with the Dirac equation there is no possibility to parametrize the spin-orbit interaction, because it is an intrinsic property.
As reported previously, 25 the use of nonrelativistic ͉l,s͘ wave functions leads to unsatisfactory results in explaining the angular dependency of the CDAD or MCDAD in emission from rare-earth metals. In particular such wave functions even fail to explain the Fano effect. 7 Therefore we chose a relativistic ͉ j,m j ͘ basis set for the calculation.
The dipole matrix element for excitation of atoms with coupled electrons in the sudden approximation is 9,64
͑2͒
Here ⌽ i and ⌽ f are the states describing the coupled initial state and the coupled final state after creation of a core hole in the shell with angular momentum l, and l គ † is the associated hole creation operator. The remaining part is the usual length form of the dipole matrix element in a single-
where the photon polarization is separated out because it does not depend on the
to the spectral function in the many-body treatment of photoemission.
We use an RE 3ϩ rare-earth ion as starting point, that is all couplings to the electrons going to bands ͑6s 2 and 5d 1 ͒ are neglected. Therefore the following states for the coupled initial and excited states of the ion are used ͑see also Refs. 9 and 64͒:
where x is the initial occupation of the nl subshell being ionized and y is the occupation of the open 4 f shell. Here we have in particular xϭ10 for creation of a core hole in the filled 4d subshell and yϭ7 in the case of Gd. The states may be recoupled as described in Ref. 64 , if necessary. In JJ coupling we remove the electron from a shell with total angular momentum jϭlϮs rather than l. Inserting these states into D i f we find that the overlap portion of the matrix element for transitions from the initial to the final state is given by
being a Clebsch-Gordan coefficient and ͗Jʈ j † ʈJ គ ͘ being the reduced matrix element of the electron creation operator. Here the hole creation operator j គm j † becomes replaced by the fermion creation operator j † , and ␥ and ␥ គ are used as substitutes for all quantum numbers being omitted for convenience. The reduced matrix element of the electron creation operator is simply ͗Jʈ j ‡ ʈJ គ ͘ϭ ͱx(2Jϩ1).
xϭ2 jϩ1 is the initial occupation of the ionized shell with total angular momentum j, here we have in particular xϭ6 for d 5/2 and xϭ4 for d 3/2 .
The square of the Clebsch-Gordan-coefficients in Eq. ͑4͒,
may be interpreted as an effective partition number, giving the probability that a single-particle initial state ͉ j,m j ͘ takes part in the transition from the ground state ⌽ i into the final core-hole state ⌽ f . This partition number determines also the possible free-electron states f of Eq. ͑2͒ via the dipole selection rules. For clarity here, we note that the terms initial and final state have slightly different meanings in the single-particle and many-particle theory. Here, we use the term ''initial'' for a unique many-particle electronic state of the atom or ion before photoexcitation ͑usually the ground state with the bound electron͒ and the term ''final'' for all states after the photoexcitation ͑the excited state of the ionized atom with the final free electron͒. Looking ahead, however, we note that the different magnetic sublevels of the initial state may in fact be populated if the temperature is high enough.
In order to calculate the angular resolved intensities and the MCDAD, and in particular to include photoelectron diffraction, we need the angular dependent amplitudes rather than the intensities and energies as calculated by Cowan's program. The photon-polarization resolved single-particle matrix elements ͗ f ͉r͉ i ͘ are defined by the radial integrals R i, f ϭ͗ f ͉r͉ i ͘ and final state phases ␦ i, f . Both were calculated in the averaged configuration approximation using a relativistic self-consistent field program accounting for the single electron transitions 4d 3/2 →(p 1/2 ,p 3/2 , f 5/2 ) and 4d 5/2 →(p 3/2 , f 5/2 , f 7/2 ). We find approximately ͑all calculations are using the kinetic energies as observed in the experiment for each individual line͒ for the 7 ϭ3.89 ͑the lower indices l 1 , l 2 assign the orbital and the upper indices j 1 , j 2 the total angular momenta of the initial-and final-state quantum numbers͒. It should be noted that the parameters depend not only on the kinetic energy for a particular transition but also on m j ͑and not only on l and j͒ due to the crystalline symmetry and the magnetization. The relative phases are close to the values derived in the nonrelativistic approximation ͑see above͒. Larger differences in the absolute values of the radial integrals are due to a different definition of constants entering the matrix element and the total cross section. The angular dependent photoelectron amplitudes derived by means of those final states are used as a starting point for the spin-dependent single scattering cluster calculations as described in Refs. 19, 31, and 66.
The amplitudes of the outgoing photoelectrons are described in the single-scattering cluster approximation by a coherent superposition of the direct wave with all waves scattered singly by the atoms of a given cluster. In contrast to previous approaches, the amplitudes ⌿ 0 of the direct and ⌿ i of the scattered waves here are spinors:
where we have accounted for the large component of the relativistic wave functions only. The amplitudes depend on the direction of emission k and the position of the atoms r i for the direct and the scattered waves, respectively. The usual scattering amplitude is replaced by a 2ϫ2 matrix which depends on the polar and azimuthal scattering angles. Due to the magnetization of the sample, the scattering amplitude need no longer to be of cylindrical symmetry with respect to the direction of the incoming electrons. ⌫ i accounts for inelastic processes and differences in the path between the emitting and scattering atoms. The intensity is finally given by the absolute square of the amplitudes averaged over both spin directions, since the spin is not resolved in the present measurements. The scattering phases used for the photoelectron diffraction step are calculated by a relativistic full potential method including exchange, as is well known from single-step photoemission calculations. 67, 68 The potential used to determine the relativistic scattering phases is selfconsistently derived. Our algorithm allows inclusion of the full solid-state symmetry and no assumption of spherical symmetry as in muffin-tin methods needs to be made. The combination of crystal field and exchange interaction ͑due to the magnetization of the sample͒ results in scattering phases that depend on the total angular momentum j and its projection m j and not only on the orbital angular momentum l. As a result, all four components of the scattering matrix are different.
The amplitudes ⌿ 0 and ⌿ i of the emitted electrons are calculated from full-relativistic single-particle matrix elements ͓similar to the second part of Eq. ͑2͔͒ using the phases and radial integrals as given above. The final amplitudes and intensities so derived are mixed according to the multiplet description as given above in order to find the final results for the intensity and the magnetic dichroism of the lines of the multiplet. In principle this mixing may be performed on the single electron states from the above-mentioned calculation as well so as to yield multiple-scattering effects.
Multiple scattering is omitted here on the one hand because of the tremendous number of scattering phases needed and on the other hand because it influences the dichroism much less than the intensity itself, which may more easily be found from symmetry considerations as shown in Ref. 31 . Overall, the results given below show that a three-step model with single scattering is sufficient to explain the present data. The calculations to be compared later with the experimental results were performed in the geometry as described in Sec. II. In particular, a cluster of 50 atoms was used, allowing emission from the four topmost layers. As in the spinindependent multiple-scattering calculations, both possible stacking orders ABAB and BABA of the hcp crystals are accounted for, resulting in eight different geometrical configurations overall. The topmost layer was assumed to couple ferromagnetically to the bulk.
One also has to include temperature variation if comparing the results of calculations with measurements. The temperature influences the intensities as well as the dichroism mainly for two reasons. First, the lattice vibrations will smear out the scattering induced features in the intensity. Second, the orientation of the atoms is lowered by thermal motion of the atomic magnetic moments. If the latter effects are not accounted for, the calculations correspond to measurements at Tϭ0 K.
The temperature effect on the scattering caused by thermal fluctuations may easily be allowed for by introducing a Debye-Waller factor W i in the scattering matrix: 69, 70 
where
and ⌰ i is the scattering angle at the ith atom. In addition to the temperature, the Debye-Waller factor includes the mean momentum transfer and displacement associated with the kinetic energy of the electrons and the mass m a of the atom. The exponential factor for the correction is given by
assuming a kinetic energy of about E kin ϭ295 eV as in the experiments, and a Debye temperature for Gd of D ϭ200 K as found in the literature. 71 Extensions of the model to include lattice vibrations may be found in Ref. 72 .
Calculating the second effect of temperature on the orientation of the atoms in the initial state is a little more complicated. It is assumed that we are in the thin-film limit, so that only one single magnetic domain exists. Without external field and below the Curie temperature T C , the magnetization is given by the saturation magnetization M sat (T) depending on the temperature. In the molecular field approximation, this magnetization is connected to an internal magnetic field B(T) acting on each atom of the domain. If is the molecu-lar field constant depending on T C , then one has B(T)ϭ
•M (T). The temperature dependence of M sat (T) has to be determined numerically using the complete Brillouin function.
The thermal occupation of the ith M J state of the atom is given by
where the sum has to be taken over all M J states according to The intensities of the Jϭ1 -6 lines of the multiplet have been calculated for excitation with RCP and LCP light by varying the sample orientation and magnetization together over ⌽ M ϭ0 -360°in steps of 2°for the geometry as shown in Fig. 1 . ⌽ M ϭ0 refers to the case for which the magnetization is in the incident photon plane.
The dichroic asymmetries for a particular state and photon helicity are calculated in two ways: from the intensities for two antiparallel orientations of the magnetization at fixed helicity ͑CMDAD͒ or from two intensities with opposite photon spin at fixed magnetization ͑MCDAD͒ from Figure 2͑a͒ shows examples of Gd 4d core-level spectra taken with RCP light for two different orientations of the magnetization axis, here denoted as parallel ͑pϭsolid points and line͒ for the magnetization M maximally parallel to the incoming light q and antiparallel ͑mϭopen points and dotted line͒ for the magnetization direction being maximally opposite to the incoming light. One clearly sees a general splitting of the spectrum into what has been found to be primarily 7 D and 9 D states, 12 with the 9 D states at higher kinetic energy being resolved into further components. It should also be mentioned here that there are more multiplet states of 7 D symmetry at higher binding energies ͑lower kinetic energies͒ outside of the range of this spectrum, with some at more than 20 eV higher. 12 It should be noted that these satellite lines are much more pronounced at higher excitation energies of about 1 keV as reported in Refs. 73 and 74. For the purpose of the present study, however, we will concentrate on the binding energy range shown in Fig. 2 . Also shown in Fig. 2͑b͒ is a normalized magnetic dichroism difference spectrum obtained from these two spectra after subtracting a Shirley-type inelastic background. 75 In calculating this from the experimental data, we do not use the normally cited asymmetry as in Eq. ͑10͒ but instead use a normalization to the maximum value of the sum of the two curves,
IV. RESULTS AND DISCUSSION
In this way we avoid having a very noisy signal in the wings of the core-level spectra due to division by small numbers, with additional complications at the high binding energy side due to the neglect of the multiplet states there. The value derived in this way also seems to coincide with the one derived by normalization to the total area under the dichroism curve. We will thus use the peak-to-peak value here for convenience. We have checked, however, that the results are not influenced by the choice of the normalization function. In addition, the spectra of Fig. 2͑a͒ have been normalized by matching the integrated areas under the curves before calculating the difference, in order to account for small changes in the photon flux. This procedure assumes a vanishing integral of the dichroism, which is supported by the fact that these corrections of р10% are random in nature and do not introduce any new features. The final calculated asymmetry curve ͑here measured with fixed helicity͒ resolves the individual final states of the 7, 9 D multiplet significantly better than the experimental results presented in a prior MCD study. 12 Our results as shown in Fig. 2 also agree very well with other high-resolution measurements of the Gd 4d core level that have been reported. 76 It should be mentioned here that the observed effect is in the range between Ϫ15% and ϩ35%, and this is remarkably high for measurements at room temperature. 77 Calculations for the many-electron case according to the theory presented in the last section and for a temperature of 250 K are shown in Fig. 2͑c͒ and they agree very well with the measured intensities and dichroism. It should be noted that the additional lines at lower energies are only observed in the calculations if the restriction on pure coupling schemes is lifted. Our calculations show, however, that some additional restriction to the ground state does not at all change the dichroism of the 9 D part of the multiplet. The present restriction of both the ground state and the intermediate ionic state reduces the number of lines drastically down to 30 ͓see Fig. 2͑c͔͒ . In LS coupling, the only final state ͑ion plus free electron͒ that can be reached from the 8 S ground state is 8 P according to the angular momentum selection rules for LS coupling conditions: SЈϪSϭ0 and LЈϪLϭ0, Ϯ1 (LϭLЈ 0). The spin is not changed because the dipole operator does not act on the spin and here the orbital angular momentum can be changed only from 0 to 1. In intermediate LSJ coupling the final angular momentum ͑again ion plus free electron͒ takes the values JЈϭ 2 . The final states will be degenerate with respect to some particular LЈSЈJЈ but this degeneracy is lifted with respect to the excited hole state LSJ. The complete transition matrix may be found elsewhere. 64, 65 For the excited hole state we have to couple the 8 S ground state of the seven equivalent 4 f electrons to the hole in the 4d shell resulting in the 7, 9 D J multiplet with overall ten states in LS or JJ coupling. In addition, the coupling of the 4 f electrons may also lead to the non-groundstate levels that are 2 (S¯Q), 4 (S¯N), and 6 ( P¯I) where the dots ''¯'' assign all orbital angular momenta between the two limiting cases given in the brackets. Some of the states are reached via different parent and grandparent states and therefore one has overall 118 different LS states besides the ground state. On the other hand, the free electron has the orbital angular momentum p or f and we find the hole states LS 7, 9 (S¯G) if uncoupling the free electrons from the overall final state LЈSЈ. It is seen that the excited 9 D hole can only be reached from the 8 S ground state, whereas the 7 D hole can also be reached from the non-ground states 6 ( PDFG). The assignment of the structures observed in Gd 4d photoemission is not unique through the literature. 12, 78, 79 In Ref. 12 the additional lines have been attributed to transitions including only the 6 ( PDFG) states. However, in intermediate coupling J is a good quantum number rather than only LS. This leads to some more allowed combinations and the most prominent additional states found in the calculated spectra are 7 D J គ core hole, but we account for all states of the intermediate coupling scheme. The JJ or jj coupled pendants are derived from an unambiguous transformation matrix ͑see Ref. 64͒. It was carefully checked that the restrictions do not effect the overall behavior of the spectra and that the results fit the measurement. We note that the spectra so derived are in agreement with the ten levels observed from a full relativistic calculation; however, many-electron calculations without any restrictions will deliver some ten thousand lines. It is not meaningful to account for such lines in the present study, since most of the secondary excitations typical of solid-state electron spectroscopy ͑plasmon or interband transitions to name some of the most pronounced͒ are also neglected, and would act to smear over any effects due to this manifold of lines.
A. Angular dependence of the dichroism
Normal emission
We now consider the angular dependence of the dichroism by taking pairs of spectra like the ones shown in Fig.  2͑a͒ for different orientations of the sample. For each angle ⌽ M we thus recorded the overall CMDAD value. Figure 4 shows part of an angular dependent measurement of the magnetic dichroism. Figure 4͑a͒ shows the difference spectra for opposite magnetization I p ϪI m ϭI(⌽ M )ϪI(⌽ M ϩ), that is, the CMDAD ͑⌽ M ϭ0 refers to the case where M ʈx͒; ͑b͒ shows the sum of spectra taken with opposite magnetization and fixed helicity for some selected angles. As the absolute cross section is not known, we normalized all spectra in Fig. 4 to the same background level I 0 for energies above the highest line of the multiplet. This procedure allows at least a convenient comparison of the spectra. The sum spectra exhibit some small differences in the intensity ratio of the Jϭ5 and Jϭ6 lines of the 9 D part for different angles. The sum spectra correspond to an aligned ensemble and the photon beam is not completely circularly polarized. Therefore differences in sum spectra may reflect a remaining nonmagnetic LDAD while rotating the alignment of the ensemble. From the difference spectra it is seen that they tend to smear out the fineness of the multiplet structure. A convenient way for data analysis is the use of an overall dichroism from Eq. ͑11͒ defined above:
This makes an estimate of the dichroism possible without using any sophisticated fitting procedures. It may be seen, however, that the dichroism is dominated by the Jϭ6 line, rather independent of the angle. The resulting data set for normal emission is summarized by solid triangles in Fig. 5 , where we plot the overall CMDAD as a function of ⌽ M . The data in Fig. 5 basically exhibit a cosinelike behavior which would be expected from the free-atom case.
9,11,58 Our theoretical simulations ͑relativistic many-electron approach͒ yielding the dashed curve are in excellent agreement with the measurements. Note that the zero crossing of the CMDAD does not occur at a rotation angle of 90°where magnetization and photon propagation are perpendicular to each other, but rather close to 72°. This shift in the zero crossing is very well predicted by theory, as shown by the dashed curve in Fig. 5 . Its cause will be discussed in detail after showing the data for the circular dichroism.
So far the dichroism reported has been derived from measurements performed by changing the magnetization direction relative to the light polarization ͑as noted above, we will call this the CMDAD or fixed-helicity mode in what follows͒. We have the situation of CDAD measurements if switching the light polarization from RCP to LCP for each ͑fixed͒ angle of magnetization ⌽ M which will be called MCDAD or fixed-magnetization mode. The difference and sum spectra look similar to those of the CMDAD case shown in Fig. 4 and we accordingly do not reproduce them here. We obtain the result shown by open triangles in Fig. 5 when using the overall MCDAD value calculated in the same way as for CMDAD in Eqs. ͑11͒ and ͑12͒ and Fig. 2 .
We still observe a fairly smooth variation with angle ⌽ M , making it clear that the MCDAD in this mode is not scattering induced, but now the zero of the dichroism occurs very close to 90°. The small step around 90°marks the noise level in our data which makes it impossible to detect zero to better than about 5%. This can be seen from the difference spectra taken at ⌽ M of 90°and 105°͓in Fig. 4͑a͔͒ , showing that the change of sign of cannot be determined very well at low level. In addition one recognizes some influence from the asymmetric line shapes. However, the step is more pronounced in the MCDAD data compared to the CMDAD data. This is most probably due to a small misalignment of the sample resulting in a nonmagnetic CDAD.
Our theoretical simulations for the MCDAD yield the solid curve, again in very good agreement with the measurements. It is thus clear that care is needed in making what is often the experimentally simpler type of fixed-helicity CM-DAD measurement, as it may differ significantly ͑here by up to 10% in overall magnitude͒ from the fixed-magnetization MCDAD measurement.
Comparing both measurements it clearly follows that the magnetic ͑fixed-helicity͒ and the circular ͑fixed-magnetization͒ dichroism are different if the magnetization is not parallel to the plane of photon incidence. This behavior may be easily explained. The dichroism in angular resolved measurements using circular polarized photons depends not only on the orientation 10 but also on the alignment 20 of the electronic states. This can be found easily from the general equations given by Klar and Kleinpoppen 80 or from the work on p states of Cherepkov et al. 10 For d states one will have additionally higher moments ͑ 30 and 40 ͒ that contribute to the dichroism. The so called state multipoles N0 ϭ N0 ( j,m j ) are defined in the textbook of Blum. 81 The orientation-dependent ͑odd N͒ term is clearly connected with the magnetic dichroism, whereas the alignment-dependent term ͑even N͒ of the MCDAD may already be observed without magnetization ͑CDAD case͒. Unfortunately in the magnetized case, orientation and alignment of the states cannot be separated easily. The alignment dependent terms of the CDAD vanish in every nonchiral symmetry. This may occur in the present case when the plane of photon incidence coincides with the plane of magnetization. Now, if the magnetization is rotated in the surface plane, one may find situations of chiral symmetry, that is state alignment, and photon incidence, and angle of observation are co-planar. On the other hand if we change the magnetization between two antiparallel directions, only the orientation of the states is changed, but not their alignment. The result is that the intensities for these two cases may depend only on the orientation of the states. It immediately follows that the fixed-helicity mode ͑CMDAD͒ and fixed-magnetization mode ͑MCDAD͒ are only the same in a nonchiral geometry.
We will now use the single electron approach to express this more quantitatively. Consider a single electron d state (lϭ2) with total angular momentum jϭlϮ 1 2 . Using the single electron approach, we find that for given j and a particular value of m j the MCDAD ͑here the difference of the spectra and not the asymmetry͒ in dependence of the direction ⌽ M of magnetization is given by
Here we assumed in-plane magnetization, off-normal incidence and emission. The coefficients C i j ϭC i j (R,␦,q,k) depend on the dynamical parameters R, ␦ ͑reflecting the interference of the final-state partial waves͒. They also depend on the directions of photon incidence q and electron emission k. The terms connected to N0 with NϾ2 contribute only for d 5/2 states to the MCDAD, but not for d 3/2 . It should also be noted that the MCDAD for the d 3/2,Ϯ1/2 states vanishes for the case that photon incidence and magnetization are in one plane and the electron emission is in a direction perpendicular to that plane if the final-state spin orbit interaction is neglected. But, it is nonzero under these conditions for all other d states.
In a similar way we find that the ⌽ M dependence of the CMDAD is given by
The CMDAD does not contain N0 terms with even N. This expresses directly the different role of the alignment of the states on the type of dichroism, as explained above. The coefficients C i j differ in general from those describing the MCDAD. It is directly seen that the MCDAD becomes always zero for ⌽ M ϭ90°, whereas the CMDAD remains if the coefficients connected to the sin(⌽ M ) terms do not vanish, what is the case in a general geometry. This explains directly the observed shift of the zero crossing between the two methods.
Analyzing the dependency of the coefficients with respect to the dynamical parameter, we find that the shift of the zero crossing is caused by interference between the p and f outgoing photoemission channels, and is not the result of photoelectron diffraction, as noted previously. 58 The cross channel interference between the j f ϭ j i and j f ϭ j i ϩ1 channels, 7 or additionally with the j f ϭ j i Ϫ1 channel 82 ͑for initial states with j i Ͼ 1 2 ͒, can in addition induce spin polarization independent of a magnetization if circularly polarized light is used for the excitation. The second case shows that, for l i Ͼ0, the cross-channel interference between the l f ϭl i Ϯ1 channels is the main cause of the spin polarization due to the presence of spin-orbit splitting in the initial state.
As this approach is valid for all single electron m j substates, we will also find the same result for the multiplet approach, in agreement with the work of Thole and van der Laan. 9 The ⌽ M dependence of the overall asymmetry will have a slightly different shape compared to Eqs. ͑13͒ and ͑14͒, but this is caused by the normalization and not a direct effect of the multiplet nature of the lines.
Off-normal emission
We turn now to off-normal emission directions, in particular to ⌰ϭ20°off-normal where the photoelectron momentum k is normal to the photon propagation q. For this case, we might expect enhanced photoelectron diffraction effects due to the rotation of the emission direction through various scatterers in the near-surface region. We consider the case where the magnetization direction is reversed with fixed helicity of the photons ͑RCP͒. The experimental results are shown as solid squares in Fig. 6 . Here one notices some distinct deviations from the smooth free-atom behavior, and these are reproducible over various sample preparations studied. The additional modulations in the CMDAD values riding on the overall cosinelike curve are of about Ϯ5% and are due to photoelectron diffraction.
This becomes clear by comparing the experimental results with the result of our photoelectron diffraction calculations as carried out at two temperatures, Tϭ250 K as in the experiment and 0 K for comparison with free-atom models. Most of the main peaks and valleys in the experiment are at least qualitatively reproduced by the many-electron theoretical curve at 0 K, although theory shows more exaggerated diffraction features than experiment. The analogous manyelectron curve at 250 K seems to suppress diffraction too much, perhaps due to oversimplifications in the DebyeWaller factor approach, which neglects vibrational correlation among near-neighbor atoms. Using the simpler single electron picture with multiple scattering and at 0 K ͑dotted curve͒ is found to roughly agree with experiment and manyelectron theory at the same temperature. The obvious angular shift between the experimental and calculated wiggles is most probably due to a slight misalignment of the sample; however, we will come back to that point later when discussing the state resolved results. Here we just remark that experiment and theory show both some influence of photoelectron diffraction. The result of ab initio calculations is for both types in the correct order of magnitude but needs some refinement to include experimental uncertainties.
These differences should also illustrate the potential one still has in tuning different parameters so as to get better agreement between theory and experiment. It should also be pointed out that the positions of the main features do not coincide with forward-scattering maxima, which should occur at intervals of 60°. Based on data not shown here, the ⌽ M dependence for this emission angle also is found to depend on the way the dichroism is measured ͑fixed-helicity or fixed-magnetization direction mode͒; however, the dependence is much weaker than in the normal emission case. In particular, we do not observe a shift of the position of the zero dichroism between the two modes, because photon incidence and electron ejection are perpendicular to each other: ␣ϩ⌰ϭ90°. In that case the coefficients C 12 and C 32 in Eq. ͑14͒ vanish. If one compares the normal and off-normal emission experiments with each other ͑both measured in fixed-helicity mode͒ it is clear that one observes, besides the introduction of the diffraction features, the shift of the zero CMDAD position from 70°back to about 90°for the offnormal emission case where photon incidence and electron ejection are perpendicular to each other.
The additional scattering-induced oscillations in the dichroism clearly depend on how the experiment is performed. The calculations show that they appear only in the case where both the sample and the magnetization are rotated together. The case of pure magnetic dichroism, that is, the case where only the magnetization is rotated while keeping the sample orientation fixed, results in a smooth atomiclike behavior of the dichroism as in normal emission. This situation, however, can hardly be realized in experiments where the magnetization is usually determined by various so-called easy directions.
In terms of diffraction-induced CDAD, we might in principle expect to observe a peak ''rotation'' of the total intensity maxima in switching from LCP to RCP light, as discussed by Daimon et al. for Si͑001͒, 15 and subsequently observed for W͑110͒ and adsorbates. 16 -18 In results not shown here, we have plotted the total intensities for LCP and RCP light as obtained from the theoretical calculations ͑in fixed-magnetization direction mode͒ for the geometry considered here, and we observe a fairly substantial shift of the diffraction maxima by about Ϯ10°; however, for our experimental data we are unable to see this effect clearly. This is due to the small intensity variations with angle for these directions which are not at all forward-scattering directions. Additionally, problems with the absolute normalization of LCP and RCP only allowed a comparison between intensities measured with linear-polarized light with those measured with RCP light. In this case, we do see a small shift of the apparent features that is qualitatively consistent with peak rotation. More precise future measurements would be needed to clearly resolve such peak rotation effects, however.
Finally, by making use of the relatively high resolution of our spectra, we can also fit the separate states in the 9 D part of the Gd 4d core-level spectrum. Using the same equation for the CMDAD for each individual state then gives us a state-specific CMDAD. In Fig. 7͑a͒ we have plotted this value for the first five states ( 9 D Jϭ6 -2 ) as a function of magnetization azimuthal angle ⌽ M for the off-normal emission case. The intensity for the Jϭ1 line could not be extracted from the data unambiguously. It is clear that the states contribute differently to the overall behavior of the CMDAD. In particular the dichroism is positive for the Jϭ6,5 lines whereas it is negative for the remaining part of the 9 D core hole. Furthermore, there are different angular dependencies for the different states. The difference in the kinetic energy between the observed lines is too small to explain the different angular variations by scattering effects alone. These differences are directly attributed to the different emission characteristics of the single-particle states contributing to the lines.
We will now analyze the state-specific dichroism with the two different theoretical models ͑single electron, multiple scattering versus many-electron, single scattering͒. We show in Fig. 7͑b͒ Fig. 3 . It exhibits three pronounced scattering induced features, similar to the experimental data, but at different angles. That these features are indeed induced by scattering can be found from a pure atomic calculation as is shown in Fig. 8 , where we compare circular and magnetic dichroism for the single and many electron states. It is clearly seen that circular and magnetic dichroism are much different for the single electron states, but both asymmetries are much smoother than those including scattering. The additional alignment terms ͑ 20 and 40 ͒ of the CDAD cause additional zero crossings for some of the single electron states. It is interesting to note that both methods come closer to each other in the many electron description, what is caused by its averaging character. It is also shown that the scattering together with the mixing of the single-particle states smears out the zero crossing that is found to occur at 90°in the pure atomic calculation, independent of the states; however, the scattering induced features in Fig. 7͑b͒ are too strong and do not coincide with the measured structures. Therefore we will use the full relativistic simulation for further comparison, as the single electron approach alone cannot be brought into closer comparison with the measured CMDAD, as might be expected.
The more sophisticated full relativistic simulations of the state-specific dichroism in terms of final-state multiplets are shown in Fig. 7͑c͒ . This calculation results in all six J states for comparison to the five resolvable in experiment, and it shows angular variations for all five which are very similar to the measured data. The calculations also reproduce correctly the sign and magnitude of the measured CMDAD. The slight difference in magnitudes between theory and experiment could be due to our allowance for thermal effects using the molecular-field approach. The scattering induced features are smaller compared to the single electron approach. This is not caused by the mixing of the states but by the inclusion of thermal effects in the scattering formalism ͑Debye-Waller͒. These features do not coincide very well with the experimental ones and additionally there is a small shift between the observed and the calculated zero crossing of the CMDAD ͑Ϸ90°and Ϸ85°, respectively͒. Both facts hint on a small misalignment of the sample with respect to the nominal geometry. All of the previously shown calculations have been done ab initio and were all performed for the nominal geometry of the experiment. Therefore we finally tried to change the geometry of the calculations in order to find a better agreement.
For better comparison, we show in Fig. 9 the difference between the smooth atomic curves and the measured or calculated magnetic dichroism. This difference provides a measure of the scattering induced dichroism. We selected the J ϭ6 state for the comparison, because the experimentally determined dichroism is less depending on the fitting procedure as compared to the other J lines. The experimental data were oversmoothed and fitted to a cos series in order to determine the atomic like part. This fit was also used to find an angular offset of about ⌬⌽ M ϭ7°being also used in the calculation. For the theoretical curve we subtracted directly the results of an atomic calculation by switching off the scattering part. The oscillations in the experiment are about Ϯ3%, whereas the calculation shows differences ranging from Ϫ12% to ϩ4%. It may be seen in Fig. 9͑a͒ that the calculated dichroism at ⌽ M ϭ0 is about 40% but only 30% in the experiment. The calculated value is too high, which suggests either a deviation in the used ab initio dynamical parameter or a lower degree of polarization in the experiment. The local minima and maxima of the difference curves shown in Fig.  9͑b͒ exhibit the same behavior in experiment and calculation. FIG. 7 . State-specific Gd 4d CMDAD. Measured CMDAD asymmetry for the first five states of the 9 D part of the Gd 4d core-level spectrum as shown in Fig. 2͑a͒ . The intensities have been derived from high-resolution spectra by using a curve fitting procedure ͑Voigt-type peaks plus Shirley-type background͒. The CM-DAD asymmetry was calculated from Eq. ͑10͒. ͑a͒ Experimentally derived state-specific CMDAD at Tϭ250 K. ͑b͒ Simulated statespecific CMDAD, for the six m j states in the jϭ Deviations are mainly due to the angular acceptance of the spectrometer, that smears the features out by integrating over a certain angular range. On the scale of the data presented here, one may thus consider the many-electron singlescattering description to be very accurate.
B. Temperature dependence of the dichroism
The dichroic signal also provides a measure of the magnetization of a particular sample, but only indirectly as will be shown below. For example, a nonzero MCDAD implies a nonzero magnetization and a zero MCDAD for a direction initially showing a nonzero effect also implies a zero magnetization; however, if a direction initially showing zero effect is studied, there may be no sensitivity to a loss of magnetic order. Thus, with proper choice of geometry, following to measurements of the MCDAD signal as a function of temperature should permit monitoring of the transition behavior and the magnetic transition temperature.
In the present case, we started with the sample cooled down to about 250 K and measured again pairs of spectra for two sets of data, that is, for opposite magnetization directions or opposite light helicity, respectively. Since the change in magnetization as a function of temperature should be independent of the emission angle, we chose a geometry with maximum signal. In this particular geometry ͑normal emission, ⌽ M ϭ0͒ the results do not depend on the measurement mode, and we show MCDAD data taken in the fixedmagnetization mode. From these spectra we get the overall MCDAD value as described before, and these are plotted in Fig. 10 as a function of the sample temperature. The sample temperature was measured indirectly by taking the temperature at a cold finger which touches the sample. 41 The temperature scale in Fig. 10͑a͒ was finally derived from a calibration of this reading with a thermocouple directly touching the sample surface. This procedure is rather delicate, especially in the case where the sample is rotated to change the magnetization axis, and therefore the temperature measurements may have a systematic error of the order of Ϯ5 K.
From Fig. 10 one sees that the MCDAD signal decreases with increasing temperature so as to reach approximately zero at a temperature close to the Curie temperature for films of this thickness. For the highest temperatures, there is approximately a 5% asymmetry offset from zero. This offset may arise as follows: First, a slight orientational misalignment can lead to a diffraction induced MCDAD even above the Curie temperature. Second, differences in the intensities may occur with polarization when switching from the beam above to below the storage ring plane, due to the different optical paths taken. Finally, the grazing incidence setup of the monochromator may lead to a small linear polarization that changes sign if the helicity of the initial photons from the storage ring is switched, leading to an additional LDAD, as reported previously; 83 however, the observed offset is also of the order of the noise level ͑as described above͒ and does not affect our discussion of the physics behind the temperature dependence. In order to illustrate the temperature dependence of the MCDAD we have included in Fig. 10 39 found from photoemission and inverse photoemission experiments ͓8 nm on W͑110͔͒. The MOKE experiments are expected to be more bulk sensitive than the photoemission results or the exchange splitting of the surface state. The latter are directly correlated to the magnetic state of the surface. The MOKE curve indeed goes very close to zero as temperature reaches the bulk Curie temperature of Gd films, whereas ⌬E Exc reaches zero at a noticeably elevated temperature. In this context it should be noted that spin resolved inverse photoemission ͓10-nm film thickness on W͑110͔͒ did not exhibit an enhanced surface transition temperature. This was attributed to possible different morphologies in different films. 84 There is, however, a variation of the apparent transition temperature in the MCDAD data related to the cleanliness of the sample. For samples measured directly after the growth process the transition temperature seems to be Ϸ20 K higher than for the contaminated samples ͑taken up to 10 h after the growth͒. The latter samples were oxygen contaminated, mainly from residual gas adsorption, as found from the XPS measurements. Indeed, this is not a controlled adsorption experiment but results obviously in a change of the quality of the surface. However, it is well known that oxygen alters the magnetic properties of the Gd͑0001͒ surface. 85 It should be noted that the elevated temperature for the zero of the MCDAD was observable up to 5 h after preparing the Gd layer. Well defined Gd͑0001͒ tends to adsorb less oxygen, which highlights the high quality of the layer.
It is thus most probable that the elevation of the transition temperature for the clean surface is associated with the previously observed higher surface Curie temperature for Gd͑0001͒, 36,38 -41 an effect which has recently been suggested to be due to interlayer relaxation at the clean Gd͑0001͒ surface. 42 From the previously reported results for Gd using spin-polarized low-energy electron diffraction ͑SPLEED͒, 36 one would in fact expect behavior such as we observe, rather than a residual low-level signal above the bulk Curie temperature as seen in the more bulk-sensitive MOKE measurements; however, further measurements with more carefully controlled surface cleanliness would be necessary to confirm this interpretation of our results.
Finally, we address the important question of how the dichroism is related to the temperature dependence of the saturation magnetization, at least in the molecular-field approximation. We therefore compare in Fig. 10͑b͒ the magnetization as derived from the molecular-field approximation and the calculated normalized MCDAD of the 9 D 6 multiplet state with the MOKE and MCDAD experiments as an illustrative case. After re-scaling the MOKE experiments fit very well to the saturation magnetization derived in the molecular-field approach. Nevertheless, there are small deviations close to the Curie temperature, that is, close to the phase transition. The measured overall MCDAD has also to be re-scaled ͑after subtracting the above T C asymmetry offset of about 5%͒ in order to fit the asymmetry calculated for the Jϭ6 multiplet line. It is worth noting that the MCDAD reflects the average orientation of the atoms and therefore its temperature dependence should be very similar for the overall value and the most dominating line of the multiplet. The MCDAD from the O contaminated surface, and such reflecting more the bulk behavior, comes close to the calculated MCDAD. Nevertheless, deviations are seen close to the transition temperature as was also seen in the MOKE measurements. Possibly some surface magnetization is remaining above the bulk T C even at the contaminated surface.
From the comparison of the calculations ͑saturation magnetization and MCDAD͒ as well as the different experiments one clearly sees that the dichroism is not strictly proportional to the magnetization, but remains higher and then changes faster as the temperature comes closer to T C . This is seen easily even though the Tϭ0 asymmetry does not reach 100% as the magnetization saturates. Of course, the molecular-field model may be oversimplified, but even if short-range order were present, one might expect the dichroism to remain even higher as T C is approached. More quantitative future studies of this aspect would also be interesting.
These data thus represent a demonstration of the ability of temperature-scanned dichroism in core photoemission to detect the temperature variation of the magnetization as well as the ferromagnetic-to-paramagnetic transition. Future applica- tions of this type seem to be very promising. Using measurements in fixed-helicity mode or in fixed-magnetization mode is found to yield the same results if the correct geometry is chosen carefully. In principle one could also consider using magnetic dichroism excited by linear or unpolarized photons to measure the same temperature dependency. In this case one should bear in mind that these types of dichroism might have a different dependency on the magnetization than the MCDAD, because different states are involved; however, in order to detect the transition temperature either or both methods could be used.
V. CONCLUSIONS
For thick ͑Ϸ100 ML's͒ Gd͑0001͒ films grown on W͑110͒, we have measured magnetic circular dichroism in the angular distribution of Gd 4d photoelectrons using two different approaches ͑fixed magnetization or MCDAD and fixed helicity or CMDAD͒, with effects as large as Ϯ50% being observed. We have also modeled these effects using two approaches: a single electron multiple-scattering photoelectron diffraction theory, including spin-orbit and exchange interactions as perturbations only in the initial states, and a fullrelativistic many-electron calculation to deal with the multiplet structure, plus spin-dependent single scattering with allowance for the magnetization of the sample as well as the full crystalline symmetry in the scattering potential. For 4d emission in the normal direction, we find that cross-channel interference between the two allowed p and f final states has a major influence on the angular behavior, which is very smooth and cosinelike in its azimuthal variation. Measurement of the MCD angular dependence with fixed magnetization and switching the photon polarization ͑MCDAD͒ is found to yield different results from measurement with fixed light helicity and rotation of the sample magnetization by 180°͑CMDAD͒, indicating that care is needed in using the often-simpler second approach. For off-normal emission, our 4d data also reveal modulations superimposed on the smooth-curve behavior of about Ϯ5% which are verified by comparison with the calculations to be due to photoelectron diffraction effects beyond the atomic model. The similarity between the results of both calculations as integrated over multiplet structure provide justification for using the simpler single electron picture to calculate properties of the multiplet as a whole, for which the more exact calculation would need much computation time. By contrast, our many-electron approach is necessary to describe quantitatively the CMDAD results as resolved for each peak in a multiplet. The correct inclusion of temperature effects ͑Debye-Waller and initialstate thermal populations͒ is also found to be important for a quantitative description.
The above findings are important in future uses of FIG. 10 . Temperature dependence of the Gd 4d dichroism. ͑a͒ The overall MCDAD as obtained from 4d emission from Gd͑0001͒ at a kinetic energy of about 295 eV as a function of sample temperature. Shown are two experimental curves for different sample conditions: fresh surface ͑filled squares͒, and an oxygen contaminated surface after Ϸ10 h in UHV ͑open triangles͒. The samples had a thickness of 28.7 nm and were annealed to 700 K. MOKE measurements ͑Ref. 51͒ from similar films of 30 nm thickness ͑dashed curves͒ and the exchange splitting ⌬E Exc of the surface state ͑Ref. 39͒ ͑dash-dot͒ are shown for comparison. ͑The solid lines through the MCDAD data are simply guides to the eye.͒ ͑b͒ Temperature dependence of the saturation magnetization and the magnetic dichroism of the 9 D 6 state calculated for a single magnetic domain of Gd and using the molecular-field model described in the text. The temperature is given on a reduced scale with the Curie temperature being assumed to be T C ϭ292 K. The MOKE data of Ref. 51 ͑open triangles͒ and the MCDAD data of the contaminated sample ͑open circles͒ are shown for comparison. ͑All data have been re-scaled to be in the same order as the calculated saturation magnetization or MCDAD, see text.͒ MCDAD in order to derive magnetic properties, since the magnitude of the effect varies with both the geometry of the measurement ͑thus being sensitive to any change in the orientation of magnetization or short-range magnetic order; e.g., as a function of temperature͒, as well as emission direction ͑thus requiring allowance for additional diffraction effects in analyzing data and applying any sort of sum rule͒. In these respects, using such MCDAD in photoemission is more demanding than using x-ray-absorption MCD ͑XMCD͒, which is inherently angle integrating and which thus minimizes such effects. On the other hand, MCDAD is often a larger percent effect precisely because it does not angle integrate, and it has the further advantage of permitting more precise state-specific MCDAD measurements, such as we have demonstrated here for Gd 4d emission. Finally, we have demonstrated with the temperature-scanned data of this type that, with a high-brightness third-generation source for excitation and a high-luminosity electron analyzer, spectra can be accumulated rapidly enough to follow near-surface magnetic phase transitions via MCDAD in core photoemission. These results provide some further evidence for an elevated surface Curie temperature on Gd͑0001͒ and, with future improvements in both data acquisition speed and temperature determination, this type of measurement should provide a further probe of surface and shallow-interface magnetism.
